ABSTRACT A directional two-element mm-wave dipole antenna array with reconfigurable patterns is presented in this paper. An substrate integrated waveguide (SIW) 90 • coupler is used to realize reconfigurable patterns of the antenna array. The two dipole elements are parallel in space, and there is a distance of λ 0 /4 (λ 0 is the wavelength of the free space) between them. When the two inputs of the 90 • coupler are excited, respectively, two completely opposite radiation patterns are able to be achieved. In order to further enhance the directivity of the proposed antenna, two groups of novel zero-index metamaterials and three metallic strips are introduced. As a consequence, a 0.7-1.2 dBi gain enhancement and reduced back lobe are obtained within the working frequencies. The measured amplitudes of S 11 and S 22 are below −10 dB from 45.5 to 49.5 GHz, and the measured gain is all great than 5 dBi within this band.
I. INTRODUCTION
Millimeter wave has the advantage of wide spectrum bandwidth, which will lead to a faster transmission rate in the communication system. As a result, mm-wave antenna technologies will be widely used in the upcoming 5G communication era [1] . End-fire antennas are very suitable for the mm-wave point-to-point communication, and end-fire antennas with high front-to-back ratio are able to reduce the influence of backward noise on antenna system [2] . Yagi-Uda antenna is the most common end-fire antenna. In [3] , an unidirectional Yagi-Uda antenna was designed. Through introducing and directors, a front-to-back ratio of 14 dBi was achieved. An end-fire SIW-excited bow-tie antenna was presented in [4] , the zero-index metamaterials (ZIMs) and the double G Shaped resonators of the proposed antenna played the roles of the directors and reflectors respectively.
Usually, the directors and reflectors are needed to improve the directivity of the end-fire antenna like the works in [3] and [4] . But in [5] , both the end-fire radiation and the good directivity were obtained by using a simple twoelement dipole antenna array without using any reflectors and directors. In [6] , two identical slot antenna elements were utilized to form an end-fire two-element array with high front-to-back ratio. The distance between the two elements was λ 0 /4, and the phase difference between them was 90 • . The works in [5] and [6] were all able to achieve unidirectional end-fire radiation, but they failed to realize reconfigurable patterns.
The switching characteristics of the PIN diodes are usually utilized to design the pattern-reconfigurable antennas in low frequency band. In [7] , a slotted bow-tie antenna with four PIN diodes was presented, and two exactly opposite radiation pattern were able to be excited when different diodes were on or off. In [8] , A cylindrical dielectric resonator antenna with reconfigurable patterns was presented. Through controlling the 'on' and 'off' of the four PIN diodes, four beams with different directions could be achieved. According authors' knowledge, the methods of using PIN diodes to realize reconfigurable patterns in millimeter wave bands have not been reported. In millimeter wave band, the butler matrix is usually used to achieve reconfigurable patterns. In addition to the Butler matrix, the metamaterials are also used to realize the reconfigurable pattern in mm-wave band. In [9] , a dual-beam millimeter wave end-fire planar dipole antenna was presented. Two beams in ±26 • direction were obtained through utilizing an array of gradient refractive metamaterials (GRIM).
In this work, the SIW 90 • coupler is used to achieve reconfigurable patterns in mm-wave band. However, it is usually utilized to design circular polarized antenna [10] or butler matrix of the multi-beam antenna [11] .The physical drawing of the proposed antenna is shown in Fig. 1 . Two parallel dipole elements with a distance of λ 0 /4 and a SIW 90 • coupler are integrated together to realize directional radiation and reconfigurable patterns. Through introducing the SIW 90 • coupler, the phase of the currents distributing on the two dipole elements will be controlled. When the different inputs (Port1 and Port2 in Fig. 1 (a) ) of the SIW coupler are excited, the maximum radiation directions of the proposed antenna will be in 180 • or 0 • respectively. Three metallic strips and two array of the novel ZIM cells are introduced to further improve the directivity. To verify the validity of this work, the prototype of the proposed antenna is fabricated and measured.
II. ANTENNA DESIGN
As is shown in Fig.2 , the design procedures of the proposed antenna can be divided into two steps. Firstly, the Antnena1 with configurable patterns is designed. And then, the Antenna2 are constructed on the basis of the Antenna1, two array of ZIMs and three metallic strips are introduced to enhance the directivity of the Antenna1. The full-wave electromagnetic solver HFSS microwave studio is required to obtain the simulated results.
A. DESIGN OF ANTENNA1
As is shown in Fig. 3 , the dimensions of the Antenna1 are annotated in detail. The Antenna1 is constructed on a singlelayer Rogers5880 substrate, the thickness of the dielectric slab is 0.508 mm, and the permittivity is 2.2. The Antenna1 is composed of a SIW 90 • coupler and two parallel dipole antenna elements. In millimeter-wave band, the SIW structures have been widely used owing to the advantages of wide bandwidth and low insertion loss [12] - [14] . Based on these advantages of SIW, the SIW 90 • coupler is designed to excite the two parallel dipole antenna elements. Fig. 4(a) shows the S parameters of the SIW 90 • coupler. When port1 of the SIW coupler is excited, the |S 11 | and |S 12 | are all below −20 dB, the |S 13 | and |S 14 | are all around −3 dB, and the phase differences between the port3 and port4 are maintained within the range of 90 • ± 0.6 • . Two dipole elements are connected with the port3 and port4 of the SIW coupler, and the gap between the two dipoles is dis = 1.5mm, which is approximate to 1/4 of the wavelength in free space. The GCPW-to-SIW (Grounded Coplanar Waveguide to Substrate Integrated Waveguide) transitions is utilized to achieve the impedance matching between the endlaunch connector and the antenna. From Fig. 4 (b) , it is easy to be observed that the parameters l cp1 and l cp2 have a great influence on the impedance matching of the Antenna1.
The equivalent sources model of Antenna1 is shown in Fig. 5 (a) , two electric dipoles are placed at the left and right sides of the Y axis and the spacing along the X axis is d. The currents on the two dipoles are represented by I 1 and I 2 , respectively
E 1 is the electric field of the dipole1 in the point of (θ , r + r), and E 2 is the electric field of the dipole2 in the point of (θ, r − r). According to the electric field formula of the electric dipole in [15] 
E total = j 60I r cos (
E total = E 1 + E 2 is the compound electric field of the E 1 and E 2 in point of (θ , r), and the = 1 − 2, k = 2π /λ, d = λ/4 in equation (4) . According to the formula of direction function in [20]
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The polar diagram of F a (θ) is shown in Fig. 5 (b) . The shape of the two patterns in Fig. 5 (b) is same, but the direction of them is exactly opposite. F a (θ ) is the direction function of array factor in E-plane (xy plane), and the direction function of array factor in H-plane (xz plane) is the same with F a (θ ). The E-plane (xy plane) pattern of electric dipole is '8'-shaped, and the H-plane (xz plane) pattern is circular. According to the pattern multiplication theorem, the radiation pattern of the equivalent sources model is supposed to be directional. When = 90 • , the maximum radiation direction is in +X axis direction. And when = −90 • , the maximum radiation direction is in −X axis direction. In the design of Antenna1, the value of is controlled by the SIW 90 • coupler. When the port1 of the SIW coupler is excited, the is equal to +90 • and the maximum radiation direction is in +X axis direction. When the port2 is excited, the is equal to −90 • and the maximum radiation direction is in −X axis direction. As is shown in Fig. 5 (c) , the 3D radiation pattern of Antenna1 is exhibited. When different inputs of the SIW coupler are excited, two opposite radiation beams will be achieved. This phenomenon is in accordance with the theoretical derivation mentioned above.
B. DESIGN OF ANTENNA2
The geometry of Antenna2 is exhibited in Fig. 6 . Based on the structure of Antenna1, three metallic strips and two array of ZIMs are introduced to enhance directivity. The simulated S parameters of the ZIM unit is obtained and illustrated in Fig. 7 (a) through using the periodic boundary conditions. Referring to the extraction method of the effective parameters in [16] , the equivalent permeability, permittivity and refractive index are retired and shown in Fig. 7 (b) .
When the port1 of the Antenna1 and Antenna2 is excited, the H-plane radiation patterns at 46.5 GHz and 48.5 GHz are compared in Fig. 8 . It is easy to be observed that the beam of Antenna2 is narrower than Antenna1's and the back lobe of Antenna2 is smaller than Antenna1's. The E-file distribution of Antenna1 and Antenna2 are shown in Fig. 9 . The E-file of the antenna with ZIMs is more concentrated than the antenna without the ZIMs. As a result, the radiation beam of Antenna2 will be narrower and the directivity of the proposed antenna will be improved. The comparisons of |S 11 | and gain between Antenna1 and Antenna2 are illustrated in Fig.10 . Comparing with the Antenna1, the impedance bandwidth of the Antenna2 remains almost unchanged, but a 0.7-1.2 dBi gain enhancement is achieved within the band of 45 GHz to 50 GHz. The simulated results in Fig. 10 illustrate that the introduction of the three metallic strips and ZIM cells has a small influence on the impedance bandwidth, but they are able to enhance the antenna's directivity. 
III. FABRICATION AND MEASUREMENT RESULTS
To verify the proposed design, the prototype of the proposed antenna is fabricated and measured. Two Southwest Microwave's high performance end launch connectors (50GHz) are used to excite the proposed antenna.
When the proposed antenna is tested, the one port is excited and the other port is connected with the matched load. The simulated and measured S parameters are shown in Fig. 11 . The simulated |S 11 | and |S 22 | are coincidence, but there are some differences between the measured |S 11 | and |S 22 |. The reason for this phenomenon is that the symmetry of the fabricated antenna is destroyed resulting from the existence of some fabrication errors. The comparison of the simulated gain and the measured gain is illustrated in Fig. 11 too, and the measured peak gain is 7.2 dBi. The measured S11 amplitude is below −10 dB from 45.5 GHz to 49.5 GHz, and the measured gain is all great than 5 dBi within this band. The measured and simulated radiation patterns are exhibited in Fig. 12 . The radiation patterns formed by different port excitation are all measured, the radiation patterns in Fig. 12 (a1) and (a2) are formed by the port1 excitation and in Fig. 12 (b1) and (b2) are formed by the port2 excitation. The simulated F/B ratio in 46.5 GHz is 18 dBi and the measured one is 16.5 dBi. The simulated F/B ratio in 46.5 GHz is 16 dBi and the measured one is 18 dBi.
IV. CONCLUSION
A directional mm-wave dipole antenna array with two exactly opposite beams is presented in this paper. A SIW 90 • couple and a two-element dipole antenna array are integrated together to achieve directional radiation and reconfigurable patterns. When different inputs of the SIW coupler are excited, two directional radiations with exactly opposite directions are able to be achieved, and the radiation patterns of the two end-fire radiations are completely symmetric. The introductions of the three metallic strips and ZIM structures are able to enhance the directivity of the proposed antenna. The measured gains are all greater than 5 dBi within the band of 45GHz to 50 GHz. The proposed antenna is able to be applied in the mm-wave indoor short distance communication system. 
